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Abstract Interdecadal Pacific variability (IPV) is commonly
observed in both the tropical and mid-latitude Pacific Ocean,
and has a widespread influence on surface climate in the Pan-
Pacific Basin. This variability is recorded by climate proxies
such as geochemical parameters preserved in corals. However,
the origins of IPV remain uncertain. To shed light on this,
interdecadal variations in two long coral δ18O records from
Nauru Island and the South China Sea (SCS), respectively
located in the tropical Pacific and the mid-latitude North
Pacific Ocean, were investigated. The interdecadal fluctua-
tions in the δ18O series from Nauru Island (tropical Pacific)
match those of the NINO3.4 index reasonably well (r=–0.30,
n=96, p=0.0015), but are not correlated with those of the
Pacific decadal oscillation (PDO) index (r=–0.17, n=96,
p=0.05). The δ18O time series from the SCS (northwestern
Pacific), by contrast, co-vary with the PDO index (r=–0.30,
n=156, p=0.0007), but are out of phase with the NINO3.4
index at the interdecadal timescale (r=0.04, n=156, p=0.31).
The impact on the interdecadal variability of processes occur-
ring outside the growth region of corals is generally weak. The
results thus do not support a tropical origin of IPV, but dem-
onstrate that the interdecadal variability in the tropical Pacific
and the North Pacific originates predominantly from local
coupled ocean–atmosphere processes within these regions.
The results also suggest that tropical–extratropical interactions
played a role in IPV between 1920 and 1940, which indicates
that IPV is a complex climatic phenomenon that involves
multiple forcing mechanisms.
Introduction
Interdecadal Pacific variability (IPV) is commonly observed
in both the tropical and mid-latitude Pacific Ocean. In the
North Pacific Ocean, this low-frequency variability is referred
to as the Pacific decadal oscillation (PDO), and is defined by
the leading empirical orthogonal function of the monthly
anomalies of sea surface temperature (SST) in the Pacific
poleward of 20°N (Mantua et al. 1997; Mantua and Hare
2002). The name interdecadal Pacific oscillation has been
chosen to emphasize the basin-wide nature and dominant
timescale of Pacific climate variability (Power et al. 1999).
In the tropical Pacific, the decadal–interdecadal pattern is
similar to that of the El Niño–Southern Oscillation (ENSO;
Zhang et al. 1997; Luo and Yamagata 2001).
The origins of IPV remain uncertain, and the various nam-
ing conventions themselves indicate a lack of a clear under-
standing of this variability. Generally speaking, potential ex-
planations for IPV can be divided into three broad categories:
(1) tropical processes (e.g., Knutson and Manabe 1998; Jin
2001; Newman et al. 2003), (2) extratropical processes (e.g.,
White and Cayan 1998; Barnett et al. 1999; Kleeman et al.
1999), and (3) tropical–extratropical interactions (e.g., Gu and
Philander 1997; Zhang et al. 1998).Most studies have focused
on the analysis of variability in observations or model simu-
lations, but cannot unequivocally identify the origins of the
IPV (Wang and Picaut 2004). The observed/simulated climate
variability is the result of complex climate feedbacks that
make it difficult to isolate its causes (Dommenget and Latif
2002; Liu et al. 2002). On the other hand, it is also difficult to
reach firm conclusions regarding IPV from instrumental re-
cords alone because these only cover the last few decades,
which is too short a period to provide a clear and consistent
record of IPV activity.
IPV has been shown to have a widespread influence on
earth/sea-surface climatic parameters, including temperature
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and precipitation anomalies in the Pan-Pacific Basin (Power
et al. 1999; Mantua and Hare 2002; Li et al. 2004; Chan and
Zhou 2005). As a consequence, its long-term behavior should
be recorded by suitable climate proxies such as latewood
density and ring width chronologies obtained from trees, as
well as geochemical profiles obtained from corals (e.g.,
Biondi et al. 2001; D’Arrigo et al. 2001; Gedalof and Smith
2001; Evans et al. 2001; Felis et al. 2010; Deng et al. 2013).
Taking corals as an example, Sr/Ca ratios as well as extension
rates preserved in coral skeletons can be used to reconstruct
past SSTs (e.g., Smith et al. 1979; Beck et al. 1992; Storz and
Gischler 2011), the δ18O values from corals reflecting the
SST and δ18O levels of the ambient seawater (Swart and
Coleman 1980; Dunbar and Wellington 1981). Residual
δ18O (i.e., Δδ18O), which is calculated by subtracting
the contribution of temperature from coral δ18O, can be
used as a tracer of temporal changes in seawater δ18O
(McCulloch et al. 1994; Gagan et al. 1998; Corrège
2006). In areas where freshwater input is a key contribut-
ing factor to variations in seawater δ18O, Δδ18O can also
trace temporal changes in precipitation (McCulloch et al.
1994; Shen et al. 2005).
Some studies have suggested that differences in coral spe-
cies, calcification, growth rates, and vital effects may result in
significant errors in climate reconstructions (e.g., de Villiers
et al. 1994, 1995; Goodkin et al. 2005, 2007; Gagan et al.
2012), which is similar to the situation with other biogenic
carbonates (Romanek and Grossman 1989; Ziveri et al. 2003;
Schöne 2008; McConnaughey and Gillikin 2008). A number
of studies, however, indicate that some of the errors contrib-
uted by these factors may have been overestimated (Alibert
and McCulloch 1997; Marshall and McCulloch 2002;
Mitsuguchi et al. 2003; Allison and Finch 2004). A recent
culture experiment also demonstrated that climate signals
recorded in coral skeletons—e.g., in time series of δ18O and
Sr/Ca ratios—can be used as paleoclimate archives (Hayashi
et al. 2013). Such climate proxies can then serve to reconstruct
the activity of IPV over several centuries (e.g., Linsley et al.
2000; Evans et al. 2001; Sun et al. 2004; Asami et al. 2005;
Holland et al. 2007; Felis et al. 2010; Deng et al. 2013), and
thereby offer an alternative data source from which the instru-
mental record can be extended to facilitate investigations of
past IPV activity.
Most of these previous proxy-based studies focused on
identifying evidence of IPV activity with the aim of demon-
strating that IPVoccurred during a specific period, but did not
consider the origins and driving processes of IPV. More recent
comparative investigations based on numerical modeling have
helped to improve our understanding of the processes driving
IPV (e.g., Liu et al. 2002; Wu et al. 2003; Yeh and Kirtman
2005). Although not many comparisons between the tropical
and mid-latitude Pacific Ocean have been made, a compara-
tive study based on coral Sr/Ca records from Rarotonga and
tree ring indicators from extratropical North and South
America has suggested a tropical origin for IPV (Evans et al.
2001).
In this context, the present study aimed at using climate
proxies in an attempt to specifically investigate the origin of
IPV. To achieve this, the interdecadal variabilities in two coral
δ18O time-series records, one from the tropical Pacific and
another from the mid-latitude North Pacific Ocean, were
compared and correlated with instrumental indices from the
two regions.
Study sites
Two study sites were selected to investigate the origins of IPV
in the tropical Pacific and the mid-latitude North Pacific
Ocean. Hainan Island (19°17 11.94 N, 110°39 21.06 E) is
located in the northern South China Sea (SCS), northwest
Pacific Ocean, and Nauru Island (30°S, 166°E) in the western
Pacific warm pool (WPWP; Fig. 1).
As the largest marginal sea in the northwest Pacific Ocean,
the SCS is located in the meteorologically sensitive zone
between the Pacific and Indian oceans. The climate of the
SCS is characterized by two contrasting Asian summer and
winter monsoons. The summer season is accompanied by
heavy precipitation over the SCS. Conversely, the sea-
surface circulation during the winter monsoon season is char-
acterized by a cooling of surface waters (Wang and Wang
1990). At the same time, the SCS covers both tropical and
subtropical areas, and is close to the WPWP, so that the SST,
humidity, cloudiness, and monsoon winds are strongly influ-
enced by the ENSO (Wang et al. 2006). During the El Niño
phase of ENSO, the SCS has a positive SST anomaly and a
precipitation deficit (Xu et al. 2004; Wang et al. 2006). In
addition, the SCS summer monsoon rainfall may be closely
related to the PDO and ENSO over interdecadal timescales,
such that a high PDO/El Niño (low PDO/La Niña) phase
pattern is associated with reduced (above-normal) monsoon
rainfall (Chan and Zhou 2005). The decadal–interdecadal
variability of the SST anomaly in the SCS is also highly
correlated with the PDO (Li and Jiao 2012).
Nauru Island is located within the WPWP, so that the
interannual climate variability is mainly controlled by
ENSO. During El Niño years, Nauru is warmer and usually
much wetter than average, whereas La Niña years are associ-
ated with the delayed onset of the wet season and drier than
normal conditions (Australian Bureau of Meteorology and
CSIRO 2011). The PDO-like SST and sea-surface salinity
changes are also found in the tropical Pacific, including
Nauru Island, which suggests an influence of decadal–
interdecadal variability in this region (Delcroix et al. 2007;
Nurhati et al. 2011).
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Materials and methods
IPVoften simultaneously affects SST and precipitation some-
where in the world, and both of these climatic factors have a
direct effect on coral δ18O. For this reason, coral δ18O is a
suitable proxy for IPV activity because it is fundamentally a
mixture of SST and seawater δ18O, and IPV activity may be
imprinted in coral δ18O by affecting SST and precipitation.
Furthermore, coral δ18O records are available from both study
sites, and therefore the coral records analyzed in this study
comprised δ18O time series rather than Sr/Ca ratios, although
the latter are generally regarded as a more reliable proxy for
SST (Smith et al. 1979; Beck et al. 1992).
The annual resolution of the coral δ18O time series from
Hainan Island is thought to have recorded the activity of the
PDO since 1853 (Deng et al. 2013). The approximately
monthly resolution of the coral δ18O time series from Nauru
Island clearly records the interannual variability of ENSO
between 1897 and 1995, while decadal signals are also found
within this record (Guilderson and Schrag 1999). The reanal-
ysis of this dataset indicates that the variations in the Nauru
coral δ18O time series are associated with ENSO, and can be
used as a proxy for rainfall (Chakraborty et al. 2012). The
Nauru data were transformed to an annual resolution by
averaging the monthly values from each year. For comparison
with coral δ18O, the averages of the leading principal compo-
nent of the monthly January–February–March SST anomalies
in the North Pacific Ocean poleward of 20°N since 1900
(obtained from the University of Washington’s Joint Institute
for the Study of the Atmosphere and Oceans: http://jisao.
washington.edu/pdo/PDO.latest) were used to establish the
PDO index for that period (Mantua et al. 1997). The
NINO3.4 index is represented by the averages of the monthly
SST anomalies during each year in the area bounded by 5°S–
5°N and 120°W–170°W from 1856 to the Present. Herein, the
SST anomalies during the period 1856–1949 were recon-
structed using statistical methods (http://iridl.ldeo.columbia.
edu/SOURCES/.Indices/.nino/.KAPLAN/; Kaplan et al.
1998), and those from 1950 to the present day were obtained
from the Reynolds OI SST dataset (http://www.cpc.ncep.
noaa.gov/data/indices/; Reynolds et al. 2002). As the SCS
coral δ18O is also affected by the monsoon, it was compared
with the SCS summer monsoon index, which is defined as a
seasonal (June–July–August–September: JJAS) area-
averaged dynamical normalized seasonality (DNS) index at
925 hPa within the SCS monsoon domain (0–25°N, 100–
125°E; http://ljp.lasg.ac.cn/dct/page/65578; Li and Zeng
2002).
To extract the interdecadal and interannual signals from the
time series, a low-pass filter with a cut-off frequency of 13
years and a 2–7 year band-pass filter was applied to the data
using the PAST (Paleontological Statistics) software (Hammer
et al. 2001). Prior to filtering, linear trends in the two coral
δ18O time series were removed to enable comparison with the
PDO and NINO3.4 indices, as these have the linear global
warming trend removed.
Results
The two coral δ18O time series show almost identical long-
term variations between 1897 and 1995 (Fig. 2). The
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correlation between the two is statistically significant (r=0.60,
n=99, p<10–7). From Fig. 3 it can be seen that the interdecadal
variations in the Nauru coral δ18O time series match those in
the NINO3.4 climate indices reasonably well (Fig. 3a), but
that the correlation with the PDO index is poor (Fig. 3c). At
the same time, the interdecadal variations in the SCS coral
δ18O time series do not match those in the NINO3.4 index
(Fig. 3b), but do correlate with those in the PDO index
(Fig. 3d).
As for the interannual variations, those in the Nauru coral
δ18O time series and the NINO3.4 index are significantly
correlated (r=–0.62, n=80, p<10–7) over almost the entire time
span, except for the period from 1898–1914 (Fig. 4a). The
correlation of interannual variations in the SCS coral δ18O
time series and the NINO3.4 index, by contrast, is statistically
not significant (Fig. 4b; r=–0.07, n=159, p=0.19). Although
the interannual variations in the SCS coral δ18O time series
resemble those in the SCS summer monsoon index from 1948
to the Present, their correlation is statistically not significant
(Fig. 5; r=0.11, n=64, p=0.19).
Discussion and conclusions
Coral δ18O values reflect both SST and the δ18O levels of the
ambient seawater (Swart and Coleman 1980; Dunbar and
Wellington 1981). The same trends and the good correlation
(r=0.60, n=99, p<10–7) between coral δ18O records from
Nauru Island and the SCS thus indicate that the combined
effects of SSTand seawater δ18O have been almost identical at
the two sites; i.e., the two coral δ18O records have preserved a
reliable record of global ocean change during their growth
periods. The SCS region covers both tropical and subtropical
areas, and lies next to the WPWP, which is intimately related
to ENSO (Picaut et al. 1996). Nauru Island, on the other hand,
is located within the warm pool of the western tropical Pacific.
The geographical association of the two sites with the WPWP
may therefore partly account for the similarity of the coral
δ18O time series.
To compare the interdecadal signals in the coral δ18O
records with the PDO and NINO3.4 indices (Fig. 3), the three
parameters were extracted using a low-pass filter with a cut-
off frequency of 13 years. The results show that almost all of
the interdecadal fluctuations preserved within the Nauru coral
δ18O series are well correlated with the NINO3.4 index, the
co-variations between them being statistically significant
(Fig. 3a). The correlation with the PDO index, by contrast, is
overall poor (Fig. 3c), although the two records match quite
well over the first half of the time period (1920–1940). After
1940 (approximately), however, the similarity begins to
weaken.
In the case of the SCS coral δ18O series, the interdecadal
co-variations with the NINO3.4 index are in agreement only
for the period 1920–1940, their interdecadal variations being
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out of phase both before 1920 and after 1940 (Fig. 3b).
However, the co-variation with the PDO index over
interdecadal timescales (Fig. 3d) accurately records the varia-
tions in the PDO from at least 1900 onward (Deng et al. 2013).
Known regime shifts recorded in the PDO time series
(1924/25, 1946/47, and 1976/77) appear approximately at
the corresponding points in the SCS coral δ18O record, albeit
occasionally with a small time lag (Fig. 3d). These time shifts
may be due either to a lag in the response of coral δ18O to the
PDO, or to small dating errors. In addition, the ocean and
atmosphere need time to adjust, regardless of the local pro-
cesses and potential teleconnections, because the PDO is
associated with coupled ocean–atmosphere interactions.
The qualitative similarity of the Nauru and SCS coral δ18O
series between 1920 and 1940 was also observed in a previous
comparative study of multiple Pacific coral δ18O series (cf.
Fig. 5 in Holland et al. 2007), the regime shift around the
1940s being interpreted to reflect underlying low-frequency
variability in the Pacific or global ocean (Holland et al. 2007).
The above comparisons between the coral records and the
instrumental/reconstructed indices indicate that the
interdecadal variations in the Nauru and SCS δ18O time series
are associated with those in the tropical Pacific and the North
Pacific, respectively. This suggests that the IPVs in the two
regions have different origins. In contrast, several other stud-
ies based on observations, model simulations, and proxy
reconstructions have suggested a tropical origin for the
IPVs, in accordance with the inter-hemispheric symmetry
components of the observed interdecadal variations (e.g., Jin
2001; Evans et al. 2001; Newman et al. 2003; Shakun and
Shaman 2009). However, the latter studies did not compare
data from the tropical and mid-latitude Pacific. If the IPVover
the Pan-Pacific is tropically driven, then interdecadal varia-
tions in the coral δ18O time series from both Nauru Island and
the SCS should follow those of the NINO3.4 index. The
results of the present study, however, contradict this and
instead suggest that the interdecadal variations in the coral
δ18O time series from Nauru Island and the SCS have their
origins in the tropical Pacific and the North Pacific, being
associated with tropical and extratropical processes,
respectively.
This conclusion is in agreement with the results of a pre-
vious study, which found that interdecadal variability in the
Pacific originated from the tropical Pacific and the
extratropical North Pacific, and that the interdecadal variabil-
ity in the two regions depended critically on local coupled
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processes (Liu et al. 2002). As the response of interdecadal
variability to processes outside a specific region is generally
weak, there is correspondingly poor agreement in interdecadal
variations between the SCS coral δ18O series and the
NINO3.4 index, and between the Nauru Island coral δ18O
series and the PDO index. However, there are some excep-
tions, especially between 1920 and 1940, when good agree-
ment between the above parameters is observed (Fig. 3b, c).
This temporary departure from the overall trends may be a
manifestation of tropical–extratropical interaction (Gu and
Philander 1997; Zhang et al. 1998), which may be induced
by atmospheric and oceanic bridges between the tropical
Pacific and the North Pacific (Liu et al. 2002; Wang and
Picaut 2004). The results also suggest that the IPV may be a
complex climatic phenomenon that involves multiple forcing
mechanisms. However, further studies are required to quantify
the effect of each mechanism.
The SCS being remotely influenced by ENSO (Wang et al.
2006) and the Nauru coral δ18O being a robust recorder of
ENSO (Guilderson and Schrag 1999), a band-pass filter with a
2–7 year window was applied to the coral δ18O and NINO3.4
index time series to identify interannual signals in the coral
records. The results show that the Nauru coral δ18O series
matches the NINO3.4 index at an interannual timescale over
almost the entire time period covered by the study, except for
the period between 1898 and 1914 (Fig. 4a). Whereas the
correlation between 1915 and 1995 is statistically significant,
there is a pronounced mismatch between 1898 and 1914. This
may be partly due to the low growth rate during this period
(Guilderson and Schrag 1999). However, the uncertainty as-
sociated with the reconstructed NINO3.4 index, or the intrin-
sic vital effect on coral δ18O, may also be responsible for the
mismatch. The correlation between the SCS coral δ18O series
and the NINO3.4 index, on the other hand, is poor at the
interannual timescale, the overall variations of the two time
series being significantly different (Fig. 4b).
The comparison between the South China Sea coral δ18O
and the summer monsoon index indicates that the trend in the
former qualitatively resembles that of the latter from 1948 to
the Present, although the correlation is statistically not signif-
icant (Fig. 5). This suggests that the interannual variability in
the Nauru coral δ18O time series is mainly controlled by
ENSO, whereas that in the SCS coral δ18O appears to be
driven by the combined effects of ENSO and the SCS summer
monsoon.
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